Duchenne muscular dystrophy (DMD) is a lethal genetic disease. Patients with DMD suffer progressive wasting of skeletal and cardiac muscles. They lack dystrophin, which is normally localized at the inner side of the sarcolemma of muscle and connects the intracellular cytoskeletal network of F-actin with laminin molecules in the extracellular matrix via dystroglycan complexes [1, 2] . There is some evidence suggesting that dystrophin protects the plasma membrane in muscles from mechanical damage when the muscles contract [3, 4] and further that it anchors the neural nitric oxide synthase [5, 6] , though the exact role of dystrophin is still unclear. Dystrophin-deficient (mdx) muscle exhibits a high calcium (Ca) content [7] [8] [9] , though it is not certain whether this is a cause or a result of the degeneration of mdx muscle.
Abstract:
The effect of zinc-carnosine complex (Z-103) on muscle function in dystrophin-deficient (mdx) mice was examined using several different courses of repetitive administration. Z-103 at a dose of 100 mg/kg increased the load resistant time (LRT), during which an animal bearing a load holds himself upright on a wire net, in mdx mice when administered at an age of less than about 4 months. The effect of Z-103 on LRT was independent of sex when given by intraperitoneal (I.P.) administration between 4 and 8 weeks of age. Administration of Z-103 from the age of 4 to 9 weeks had no significant effect on wet weight, magnitude or rate of rise of twitch force, or rate of decay of twitch force over time with twitch elicited by 0.5 Hz of electricity in the extensor digitorum longus muscle or calcium content in the gastrocnemius muscle, while it increased the magnitude of twitch force in the soleus muscle. These results suggest that Z-103 reduces fatigability of the whole body in mdx mice, possibly by increasing the contractility of slow fibers. [Japanese Journal of Physiology, 52, [449] [450] [451] [452] [453] [454] [455] [456] 2002] such frail mdx mice after inbreeding for several years as a model with a more severe phenotype than those used in the previous study to examine the effect of Z-103 on the function of mdx muscle. Our findings showed that Z-103 increased resistance to fatigue in the whole animal, independent of the animal's sex, after intraperitoneal (I.P.) administration, and that Z-103 at the dose used in this study did not influence the contractile properties of the extensor digitus longus (EDL) muscle but increased twitch force in the soleus muscle. Ca content in mdx muscles was not affected by Z-103 administration.
MATERIALS AND METHODS
Preparation. C57BL/10 mdx and C57BL/10 ScSn normal mice were obtained from the Central Institute for Experimental Animals (Kawasaki, Japan). Mice were housed in cages in a room kept at a constant temperature (22°C) and under a natural daynight light cycle in the Animal Laboratory at St. Marianna University. All animals were given commercial cube diet and water ad libitum. Mdx mice were inbred for several years, during which their offspring gradually became fragile. Since repeated inbreeding results in reduced fertility and a high rate of infantile mortality, the number of animals available for experiments was limited. Animals were treated in accordance with the Guiding Principles for the Care and Use of Animals approved by the Council of the Physiological Society of Japan.
Administration of Z-103. Z-103, (i.e., catena-
was suspended in Ringer solution (in mM: NaCl 137, KCl 5, CaCl 2 2, MgCl 2 1, NaH 2 PO 4 1, NaHCO 3 25, glucose 10, pH 7.4), since it is insoluble in water at neutral pH (1Ͻ0.01% in weight), as described previously [18] . The solution containing Z-103 (10 l) was administered to mice I.P. or hypodermically in the neck every other day for a total of three times a week. For the control group, Ringer solution was administered. The I.P. administration was begun at the age of 4 weeks and ended at 8 weeks for females and 9 weeks for males. Z-103 was supplied by Hamari Chemicals Ltd. (Osaka, Japan).
Mechanical performance of whole animals. To determine the fatigability of mdx mice, a load resistance test was employed [18] . The mdx mice were given a load equal to one half of their body weight attached to the tail by adhesive tape. They were put on a cylindrical wire net standing upright, and the time until they fell off (load resistance time, LRT) was measured. LRT was measured once a week on a day without drug administration.
Force measurement of muscles. The 9-week-old male mdx mice were anesthetized with an I.P. injection of nembutal (50 mg/kg) and additional diethyl-ether anesthesia, and then placed in dishes. After partial skinning of the hind limb, tendons of the extensor digitorum longus (EDL) muscle were cut at the knee, while the other end of the EDL muscle was left intact. The severed tendon was attached to a force transducer (AE801, Aker, Norway). The EDL muscle was placed between a pair of platinum wires and stimulated with 5-ms electrical pulses at 0.5 Hz, while it was perfused by oxygenated Ringer solution at 37°C. Twitch force was recorded on an ink-writing oscillograph and stored together with its differential in a file on a microcomputer to measure the maximum rate of rise of twitch force. Force was expressed as mN per wet weight of muscle instead of cross sectional area since it was difficult to determine the muscle length accurately enough to obtain the cross sectional area. Force development of the soleus muscle was measured in a similar way to that used for the EDL muscle. After twitch force measurement, mdx mice were sacrificed by cervical dislocation.
Total Ca determination. Ca content in the muscle was determined with a method similar to that described by Deconinck et al. [19] . Isolated gastrocnemius muscles were rinsed for 15 min in a Ca-free Ringer solution containing 2 mM EGTA to remove extracellular Ca 2ϩ and then freeze-dried. Each muscle was dissolved in 1.0 ml of concentrated HCl. The Ca concentration was measured by atomic absorption flame photometry after adequate dilution in the presence of 0.5% LaCl 3 . Results are expressed in mol Ca/g dry weight.
Statistics. Since body weight and LRT were evaluated weekly for mdx mice, repeated analysis of variance (ANOVA) was employed to determine whether or not there were any significant differences between experimental values from mdx mice in the treatment and control groups. Any significant effects found between the treatment and control groups were confirmed in each case by comparing mean values at each time point with Scheffe's F test. ANOVA with Scheffe's F test was also employed to determine the significance of differences of the rate of decay of the magnitude of twitch force over time in EDL muscles between the mdx mice treatment and control groups. Student's t-test was used to determine the significance of differences in wet weight, magnitude of twitch force and Ca contents in muscles. All experimental data are expressed as meansϮSEM, and statistical significance was determined at the 5% level (pϽ0.05).
RESULTS

Effect of I.P. administration of Z-103 on LRT and body weight in frail mdx mice
The LRT of the male control group began to decrease from the age of 6 weeks and fell to a value of about 10 s thereafter (Fig. 1A) , while the female control group exhibited a longer LRT than the male group (Fig. 1B) . Z-103 at a dose of 100 mg/kg administered I.P. from the age of 4 weeks increased LRT after the age of 6 weeks in both male and female mdx mice ( Fig. 1A and B) . Z-103 did not influence body weight in either male or female mdx mice ( Fig. 1C and D) .
EDL muscle
The effect of Z-103 on the EDL muscle was determined in male mdx mice administered Z-103 at a dose of 100 mg/kg from the age of 4 to 9 weeks. The wet weight of the EDL muscle was greater in control mdx than in normal mice. Administration of Z-103 did not influence the wet weight of the EDL muscle in mdx mice, as shown in Fig. 2A .
The magnitude of twitch force normalized to wet weight of the EDL muscle was smaller in the control mdx than in normal mice. Though the mean value of twitch force was greater in EDL muscles from mdx mice treated with Z-103 than in those from control mice, no significant difference was detected between the two because of the large variation in the former values (Fig. 2B) .
Fatigability of the EDL muscle was determined by comparing the time course of decay of the magnitude of twitch force over time elicited at 0.5 Hs (Fig. 3A) . As shown in 2 . Effect of Z-103 on (A) wet weight and (B) twitch force in EDL muscles of 9-week-old male mdx mice. Z-103 was administered at a dose of 100 mg/kg from the age of 4 to 9 weeks. Maximum twitch force was normalized by weight for individual EDL muscles. The number of samples is shown in parentheses. Data from 9-week-old normal male mice are also shown at right (indicated as normal). Statistical comparison was made against the control mdx mice. * pϽ0.05, ** pϽ0.01.
served in the rate of decay of the magnitude of twitch force over time in EDL muscles from mdx mice treated with Z-103 and the control group.
Contractile properties of muscle can be characterized by rate of rise as well as the magnitude of twitch force. Since the rate of rise is a function of the magnitude of the twitch force, and since the magnitude decays in successive twitches, four twitches with varying peak amplitudes were selected from individual EDL muscles for plotting the maximum rate of rise against the peak amplitude of twitch force. As shown in Fig. 4 , the rate of rise of the twitch force was much greater in EDL muscles from normal mice than in that from control mdx mice (pϽ0.001). The rate of rise of the twitch force was quite similar in EDL muscles from mdx mice administered Z-103 and those from control mdx mice (Fig. 4) , indicating that Z-103 had no effect on the rate of rise of twitch contraction in the EDL muscle of the mdx mouse under the present experimental conditions.
Soleus muscle
Since the number of mdx mice available was limited, soleus muscles were obtained from both male and female mdx mice to determine the effect of Z-103 on them. The proportion of data obtained from females among the total mice was 3/5 in control mdx, 4/8 in mdx mice administered Z-103, and 2/7 in normal mice. There was no difference in wet weight of the soleus muscle between control mdx and normal Japanese Journal of Physiology Vol. 52, No. 5, 2002
T. TAMEYASU et al. .898) for control mdx mice (m-1-6, dotted line), and yϭ 81.2xϩ114.7 (r mice at the age of 9 weeks. As shown in Fig. 5A, I .P. administration of Z-103 at a dose of 100 mg/kg from the age of 4 to 8 weeks for female and 4 to 9 weeks for male mdx mice had no effect on the wet weight of their soleus muscles.
The magnitude of twitch force normalized by wet weight in the soleus muscle was smaller in control mdx than in normal mice (pϽ0.01). Administration of Z-103 increased the twitch force of the soleus muscle in mdx mice (pϽ0.05) (Fig. 5B) . Since the soleus muscle from control mdx mice did not show any appreciable fatigue when 5-s tetani elicited by electrical stimulation at 60 Hz was repeated for 7-8 min with an interval of 30 s at 37°C, the effect of Z-103 on the fatigability of the soleus muscle was not examined.
Ca content
Effect of Z-103 administration on muscle Ca content was examined using the gastrocnemius muscle from 9-week-old mdx mice after 5-week-long administration of Z-103 at a dose of 100 mg/kg. The results are shown in Fig. 6 . The Ca content was 8.16Ϯ0.90 mol/g dry weight (meanϮSEM, nϭ9) in control mdx mice and 3.46Ϯ0.61 mol/g dry weight (nϭ15) in normal mice; the former was significantly greater than the latter (pϽ0.001). This is consistent with previous reports [19] . Ca content was 8.29Ϯ1.20 mol/g dry weight (nϭ9) in mdx mice treated with Z-103. Thus, Z-103 had no effect on Ca content in the gastrocnemius muscle from mdx mice.
DISCUSSION
Contractility of EDL muscle. Z-103 at a dose of 100 mg/kg had little effect on either the wet weight or the fatigability of fast-type EDL muscle (Fig. 3 ) in the present study using frail mdx mice. This lack of effect of Z-103 agrees with a previous report showing that Z-103 had no effect on either the wet weight or the fatigability of the EDL muscle of 12-week-old mdx mice at a dose of 100 mg/kg [18] .
The rate of rise of twitch force in the EDL muscle is much lower in mdx mice than normal mice (Fig. 4) . This is contradictory to the report by Hayes et al. [20] , in which there was no difference in the time to the peak of the twitch force between mdx and normal EDL muscles. The difference between their results and the present results may be due to the difference in the age of the mdx mice used: 20 and 9 weeks of age in their and our studies, respectively. Actually, we observed little difference in the rate of rise in twitch force in EDL muscles from normal and mdx mice when they were examined at the age of 12 weeks (unpublished data). Considering that degeneration followed by regeneration of EDL fibers occurs mainly between the ages of 4 and 12 weeks, together with the fact that EDL muscles fatigue much more rapidly when isolated from mdx mice at the age of 12 weeks as compared to 9 weeks (see Fig. 3 
and Tameyasu et
Effect of Z-103 on Frail Mdx Mouse al. [18] ), it is possible that degenerating EDL fibers develop twitch force more slowly but are more resistant to fatigue than regenerated ones in mdx mice.
Contractility of soleus muscle. Besides confirming that the twitch force of the soleus muscle was smaller in control mdx mice than in normal mice [21] , the present results showed that Z-103 administration enhanced the twitch force without affecting the wet weight of the soleus muscle of the mdx mice (Fig.  5B) . To understand the effect of Z-103 on the soleus muscle in mdx mice, the reason for the small twitch force in the mdx muscle should first be considered. One possible reason is the difference in composition of fast and slow fibers between mdx and normal muscles. The soleus muscle in mice is composed of a mixture of slow type I and fast type II fibers in contrast to the soleus muscle in other animal species, which is composed mainly of type I fibers [20, 22] . In the soleus muscle of the C57BL/10 ScSn strain used in the present study, type I fibers constitute only about 30% of the total fibers in both normal and mdx mice at the age of 6 weeks [22] . The proportion of type I fibers rises to about 60% by the age of 26 weeks in mdx mice (i.e., it increases at rate of about 1.5% per week), while it remains constant over the next 5 months in normal mice. Therefore, in the 9-week-old mdx mice in which the contractility of the soleus muscle was examined here, the proportion of type I fibers is greater by about 5% in control mdx mice than in normal mice. On the other hand, the EDL muscle of the control mdx mice contained about 5% type I fiber at 20 weeks of age, while the normal EDL muscle contained a negligible amount of type I fiber [20] . Thus, both the soleus and EDL muscles contained about 5% more type I fiber in control mdx mice than in normal mice at 9 weeks of age. The normalized twitch force in the soleus muscle is equal to or slightly smaller than that in EDL muscles in mdx mice (Figs. 2B and 5B) [20] , while the former contains a much larger amount of type I fiber than the latter. Therefore, it is difficult to account for the fact that the twitch force in both the soleus and EDL muscles in mdx mice is about half that in normal mice by the small increase in the proportion of type I fiber in the mdx muscles. Another possibility is that regenerated fibers with central nuclei produce a smaller twitch force than the fibers with peripheral nuclei, which do not undergo a degeneration-regeneration process. This is possible since more than half of the total fibers are regenerated after degeneration until the age of 9 weeks in both the soleus and EDL muscles in mdx mice [23] .
The percentage of centronucleated fiber in the total fibers increases markedly until the age of 4 weeks and remains unchanged thereafter in the soleus muscle in mdx mice, indicating that the degeneration-regeneration process of the fibers in this muscle terminates until this age. Therefore, it is difficult to ascribe the observed enhancement of twitch force in the soleus muscle through Z-103 administration (Fig. 5B) to reduction of the degeneration of fibers in the soleus muscle since Z-103 administration was begun at the age of 4 weeks. The cause of the enhancement of twitch force in the soleus muscle by Z-103 is presently uncertain.
Ca content. Contradictory results have been obtained about the Ca 2ϩ concentration in mdx muscles. Some authors reported that the cytoplasmic Ca 2ϩ concentration was higher in mdx muscle than in normal muscle, while others did not find any difference between the two. As reported with DMD patients and mdx mice [7, 8] , a two-fold increase in the total Ca content was observed in the mdx muscle in the present study. Cytoplasmic Ca concentration may have little relation to the total Ca content [9] . Though the exact location of the excess Ca has not been established, it is possible that Ca is concentrated in Ca 2ϩ -sequestering organelles such as the sarcoplasmic reticulum and mitochondria.
Z-103 had no effect on the total Ca content in mdx muscles, as shown by examining the gastrocnemius muscle (Fig. 6 ). Since the gastrocnemius muscle contains both type I and II fibers, the present results suggest that Z-103 has no effect on the Ca content in either type I or II fibers in the mdx mouse.
LRT. LRT in the male mdx mice used in the present study was about 1/10th of that observed in the previous study [18] , especially after the age of 6 weeks. Apparently, mdx mice become physically frail upon repetitive inbreeding for several years. The difference in the LRT between the mdx mice used in the present and the previous studies may be due to difference in expression of utorophin, a homolog of dystrophin, since utrophin appears to compensate for lack of dystrophin to some extent in mdx mice [19] , and since double-mutant mice lacking both dystrophin and utorophin exhibit severe muscular dystrophy resembling human DMD [24] . Therefore, the present mdx mice seem to be a better model for human DMD than those used previously.
LRT in the present frail mdx mice was less than 1/20th of that of normal mice at the age of 6-7 weeks (cf. figs. 1A and 2A in Tameyasu et al. [18] ). In general, physical properties such as LRT of the whole animal are affected by the contractile properties of slow muscles, the activity of motor nerves and the supply of oxygen through blood flow. Besides reduction of the contractility of muscle, the production of nitric oxide (NO) by neural NO synthase is disturbed in mdx muscle because of inappropriate localization of neural NO synthase due to the deficiency of dystrophin. This may result in insufficient dilation of blood vessels and therefore an insufficient supply of oxygen to muscles during contraction. In addition to its presence in muscle, dystrophin is also distributed in the nervous system. Therefore, decreased function of motor nerves, if it occurs, may be one of the causes of lower LRT in mdx mice.
Z-103 at a dose of 100 mg/kg had the effect of increasing LRT in frail mdx mice at several weeks of age in the present study. In accordance with the enhancement of LRT by Z-103, Z-103 had the effect of increasing force production in the soleus muscle containing more than 30% type I fiber in mdx mice (Fig.  5B) . Since the constituents of Z-103 (Zn 2ϩ applied in the form of ZnSO 4 and carnosine) and the combination of these two had no beneficial effect on mdx mice [18] , it is thought that the effect of Z-103 on LRT is due to Z-103 itself, not its constituents. One possibility is that Z-103 spreads from the site of administration throughout the body and improves the function of leg muscles. Another possibility is that Z-103 stays at the site of administration and exerts its effect via some mediator which spreads throughout the body. In this connection, it is worth noting that, in cell cultures, Z-103 has the effect of enhancing the proliferation of some kinds of cells by acting as an insulin-like growth factor [25] , suggesting complex effects of Z-103 in situ.
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